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One of the main purposes on physics at the International Linear Collider (ILC) is to
study the property of dark matter such as its mass, spin, and interactions between
the dark matter and particles in the standard model. Among those, the interaction
between dark matter and higgs boson is important, because, if the dark matter is a
weakly interacting massive particle, the existence of the dark matter is expected to
relate to physics of electroweak symmetry breaking. In addition, the interaction plays
an important role at direct detection experiments of dark matter. In this report, we
discuss how accurately the coupling constant of the interaction can be measured at the
ILC with the center of mass energy less than 500 GeV.
1 Introduction
The dark matter, which accounts for about 23% of the energy density in the present Uni-
verse [1], has been a great mystery in astrophysics, cosmology, and particle physics. While
various theoretically-motivated candidates have been discussed for dark matter particle, its
detailed nature is still un-revealed. One of the main purposes at collider experiments is to
reveal the property of the dark matter such as its mass, spin, gauge charges, and interac-
tions between the dark matter and particles in the standard model (SM). It is, for instance,
expected that the mass of the dark matter can be measured at the Large Hadron Collider
(LHC) at various candidates for dark matter. On the other hand, the International Liner
Collider (ILC) enables us not only to measure the mass very accurately, but also to de-
termine the spin of the dark matter [2]. It may be even possible to measure the coupling
constant of each interaction between dark matter and particles in the SM at the ILC.
Among the interactions, the most important one is the coupling between dark matter
and higgs boson. This is because, if the dark matter is a weakly interacting massive particle
(WIMP), its existence is expected to deeply connect with physics of the electroweak symme-
try breaking, to be more precisely, the mechanism to solve the hierarchy problem concerning
quadratically divergent corrections to the higgs mass term. In addition, the interaction is
also important for direct detection measurements of dark matter such as CDMS [3] and
XENON [4] experiments, since the scattering of dark matter with ordinary matter occurs
mainly due to the exchange of the higgs boson between dark matter and nucleon.
It is, therefore, very important to estimate how accurately the coupling constant can be
measured at the ILC. We consider the higgs portal scenario for dark matter as a typical
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example describing interaction between dark matter and higgs boson. With the use of the
scenario, we clarify the parameter region on the (dark matter mass, coupling constant)-plane
which can be measured at the ILC with the center of mass energy less than 500 GeV.
2 Setup
In the higgs portal scenario that we use in this report, the global Z2 symmetry (parity) is
postulated in order to guarantee the stability of dark matter, where the WIMP dark matter
has odd charge while particles in the SM have even one. We consider three cases for the
spin of the dark matter; the scalar dark matter φ, the fermion dark matter χ, and the
vector dark matter Vµ. In all cases, the dark matter is assumed to be an identical particle
for simplicity, so that these are described by real Klein-Gordon, Majorana, and real Proca
fields, respectively. The Lagrangian in the scenario is written as
LS = LSM + 1
2
(∂φ)2 − M
2
S
2
φ2 − cS
2
|H |2φ2 − dS
4!
φ4, (1)
LF = LSM + 1
2
χ¯ (i∂/ −MF )χ− cF
2Λ
|H |2χ¯χ− dF
2Λ
χ¯σµνχBµν , (2)
LV = LSM − 1
4
V µνVµν +
M2V
2
VµV
µ +
cV
2
|H |2VµV µ − dV
4!
(VµV
µ)2, (3)
where Vµν = ∂µVν − ∂νVµ, Bµν is the field strength tensor of the hypercharge gauge boson,
and LSM is the Lagrangian of the SM with H being the higgs boson. The last terms in RHS
in Eqs.(1) and (3) proportional to coefficients dS and dV represent self-interactions of the
WIMP dark matter, which are not relevant for the following discussion. On the other hand,
the last term in RHS in Eq.(2) proportional to the coefficient dF is the interaction between
WIMP dark matter and the hypercharge gauge boson, however this term is most likely
obtained by 1-loop diagrams of new physics dynamics at higher energy scale, since the dark
matter particle carries no hypercharge. The term therefore can be ignored in comparison
with the term proportional to cF which can be obtained by tree-level diagrams. After the
electroweak symmetry breaking, masses of the dark matters are given by
m2S = M
2
S + cSv
2/2, (4)
mF = MF + cF v
2/(2Λ), (5)
m2V = M
2
V + cV v
2/2, (6)
where the vacuum expectation value of H is 〈H〉 = (0, v)T /√2 with v being v ≃ 246 GeV.
Model parameters relevant to following discussions are, thus, mDM and cDM.
There are some examples of new physics models realizing the higgs portal scenario at low
energies [5]. The scenario with the scalar higgs portal dark matter is discussed frequently. R-
parity invariant supersymmetric standard models with the Bino-like lightest super particle
can correspond to the fermion higgs portal dark matter scenario when the other super-
partners are heavy enough [7]. The vector dark matter can be, for example, realized in such
as the littlest higgs model with T-parity if the breaking scale is very high [8].
3 Signals at the ILC
We are now in position to investigate the signal of the WIMP dark matter at the ILC
experiment. The main purpose of this report is to clarify the parameter region where the
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signal can be detected. We first consider the case in which the mass of the dark matter is
less than a half of the higgs boson mass (mh). In this case, the dark matter particles can
be produced through the decay of the higgs boson. Then, we consider the other case where
the mass of the dark matter particle is heavier than mh/2.
3.1 The case mDM < mh/2
In this case, the coupling of the dark matter particle with the higgs boson can cause a
significant change in the branching ratio of the higgs boson while the production process
of the higgs boson at the ILC remains the same. When the mass of the higgs boson is not
heavy (mh . 150 GeV), its partial decay widths into quarks and leptons are suppressed due
to small Yukawa couplings. As a result, the branching ratio into dark matter particles can
be almost 100% unless the interaction between the dark matter and the higgs boson is too
weak. In this case, the most of the higgs bosons produced at the ILC decay invisibly. There
are some studies on the invisible decay of the higgs boson at the ILC. The most significant
process for investigating such a higgs boson at the center of mass energy less than 500 GeV
is found to be the higgs-strahlung process, e+e− → ZH . In Ref. [9], it has been shown that,
using the 500 fb−1 data with the center of mass energy of 350 GeV, the invisible decay of the
higgs boson can be detected at the 95% C.L. when the branching ratio of the decay is larger
than 0.95%, where the higgs mass is fixed to be 120 GeV. With the use of the analysis, we
plot the experimental sensitivity to detect the signal in Fig.1. The sensitivity is shown as
blue lines with mDM ≤ mh/2, where the signal can be observed at the ILC in the regions
above these lines. For comparison, we also plot the sensitivity of the LHC to detect the
invisible decay at the 95% C.L. as green lines, where 30 fb−1 data with the center of mass
energy of 14 TeV is assumed in the analysis [10].
3.2 The case mDM ≥ mh/2
In this case, the WIMP dark matter cannot be produced from the decay of the higgs boson.
We consider, however, the higgs-strahlung process again. The signal we are focusing on in
this report is from the process e+e− → h∗Z → 2DM + qq¯ with h∗ being a virtual higgs
boson. The signal is characterized by two energetic quark jets with large missing energy.
On the other hand, there are several backgrounds against the signal; e+e− → W+W−,
ZZ, ννZ, e+e−Z, and e±νW∓, where all of these mimic the signal at the detector. In
order to reduce these backgrounds, we apply kinematical cuts on the Z boson reconstructed
from two tagging jets, and perform the likelihood analysis [11]. From the analysis of these
backgrounds, it turns out that, at the ILC with the center of mass energy of 300 GeV
and the integrated luminosity of 2 ab−1, the signal will be detected at 95% C.L. when the
cross section of the signal exceeds 0.7-0.8 fb after applying these kinematical cuts. In the
analysis, the higgs mass is fixed to be 120 GeV, while the dark matter mass is varied from
60 to 90 GeV. With this analysis, we have estimated the experimental sensitivity to detect
the signal at the ILC when mDM ≥ mh/2. The result is, again, shown in Fig.1 as blue lines
for mDM ≥ mh/2, where, with an integrated luminosity of 2 ab−1 and the center of mass
energy of 300 GeV, the signal can be observed at 95% C.L. in the regions above these lines.
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Figure 1: Sensitivities to detect the dark matter signal at the LHC and ILC. Constraints and
expected sensitivities on direct detection experiments for dark matter are also shown.
4 Summary and Discussions
We have investigated signals of the WIMP dark matter at the ILC with, especially, focusing
on the coupling between dark matter and higgs boson. We have used the higgs portal
scenario as a typical example describing the coupling, and clarify the parameter region
which can be detected at the collider with the center of mass energy less than 500 GeV. All
results are summarized in Fig.1. When the mass of the dark matter is less than mh/2, most
of parameter regions can be covered at the ILC using the invisible decay of the higgs boson.
On the other hand, if mDM ≥ mh/2, the observation of the coupling will be challenging, but
still be possible if the coupling constant is large enough. When we use more sophisticated
analysis or accumulate more data, the sensitivity may be upgraded.
It is also interesting to compare these results with those of direct detection experiments
of dark matter. The result from CDMS II [12] and the new data from the XENON 100
experiment [13] give the most severe constraint on the scattering cross section between dark
matter particle and nucleon. The result of the constraint is also shown in Fig.1, where the
regions in brown are excluded by the experiments at 90% C.L.. In Fig.1, we also depict
experimental sensitivities to detect the signal of the dark matter in near future experiments,
XMASS [14], SuperCDMS [15], and Xenon100 [16]. The sensitivities are shown as light
brown lines, where the signal can be discovered in the regions above these lines at 90%
C.L.. Interestingly, the signal of the WIMP dark matter can be obtained in both direct
detection measurement and ILC experiment when mDM ≤ mh/2, which allow us to perform
a non-trivial check for the coupling between dark matter and higgs boson. In the case of
mDM ≥ mh/2, unfortunately, parameter regions which can be detected at the ILC are almost
excluded by current direct detection experiments of dark matter, however more sophisticated
analysis for the signal of the ILC may enhance the ratio of the signal to background [11].
5 Acknowledgments
The authors would like to thank all the members of the ILC physics subgroup [17] for useful
discussions. This study is supported, in part, by the Grant-in-Aid for Science Research,
Ministry of Education, Culture, Sports, Science and Technology, Japan (No. 22244031, and
Nos. 21740174 and 22244021 for SM).
LCWS/ILC2010
References
[1] E. Komatsu et al. [WMAP Collaboration], Astrophys. J. Suppl. 180 (2009) 330.
[2] E. A. Baltz, M. Battaglia, M. E. Peskin and T. Wizansky, Phys. Rev. D 74, 103521
(2006); E. Asakawa et al., E. A. Baltz, M. Battaglia, M. E. Peskin and T. Wizansky,
Phys. Rev. D 79, 075013 (2009).
[3] http://cdms.berkeley.edu/.
[4] http://xenon.astro.columbia.edu/.
[5] J. McDonald, Phys. Rev. D 50, 3637 (1994); M. C. Bento, O. Bertolami, R. Rosenfeld
and L. Teodoro, Phys. Rev. D 62, 041302 (2000); C. P. Burgess, M. Pospelov and T. ter
Veldhuis, Nucl. Phys. B 619, 709 (2001); R. Barbieri, L. J. Hall and V. S. Rychkov,
Phys. Rev. D 74, 015007 (2006); V. Barger, P. Langacker, M. McCaskey, M. J. Ramsey-
Musolf and G. Shaughnessy, Phys. Rev. D 77, 035005 (2008); S. Gopalakrishna, S. Jung
and J. D. Wells, Phys. Rev. D 78, 055002 (2008); M. Aoki, S. Kanemura and O. Seto,
Phys. Rev. Lett. 102, 051805 (2009); Phys. Rev. D 80, 033007 (2009); X. G. He, T. Li,
X. Q. Li, J. Tandean and H. C. Tsai, Phys. Lett. B 688, 332 (2010); M. Farina, D. Pap-
padopulo and A. Strumia, Phys. Lett. B 688, 329 (2010); S. Gopalakrishna, S. J. Lee
and J. D. Wells, Phys. Lett. B 680, 88 (2009); M. Kadastik, K. Kannike, A. Racioppi
and M. Raidal, Phys. Lett. B 685, 182 (2010); K. Cheung and T. C. Yuan, Phys.
Lett. B 685, 182 (2010); M. Aoki, S. Kanemura and O. Seto, Phys. Lett. B 685, 313
(2010); M. Asano and R. Kitano, Phys. Rev. D 81, 054506 (2010); A. Bandyopadhyay,
S. Chakraborty, A. Ghosal and D. Majumdar, arXiv:1003.0809 [hep-ph]; S. Andreas,
C. Arina, T. Hambye, F. S. Ling and M. H. G. Tytgat, arXiv:1003.2595 [hep-ph];
[6] V. Barger, M. McCaskey and G. Shaughnessy, arXiv:1005.3328 [hep-ph]; S. Kanemura,
S. Matsumoto, T. Nabeshima and N. Okada, arXiv:1005.5651 [hep-ph].
[7] For a review, see: G. Jungman, M. Kamionkowski and K. Griest, Phys. Rept. 267, 195
(1996); G. Bertone, D. Hooper and J. Silk, Phys. Rept. 405, 279 (2005).
[8] For a revew, see: M. Perelstein, Prog. Part. Nucl. Phys. 58, 247 (2007).
[9] M. Schumacher, LC-PHSM-2003-096.
[10] M. Warsinsky [ATLAS Collaboration], J. Phys. Conf. Ser. 110 (2008) 072046; Di Giro-
lamo B and Neukermans L, 2003 Atlas Note ATL-PHYS-2003-006.
[11] K. Fujii, T . Honda, S. Kanemura, S .Matsumoto, T. Nabeshima, N. Okada, Y. Takubo,
and H .Yamamoto, in preparation.
[12] Z. Ahmed et al. [CDMS Collaboration], [arXiv:0912.3592 [astro-ph]]; Z. Ahmed et al.
[CDMS Collaboration], Phys. Rev. Lett. 102 (2009) 011301.
[13] E. Aprile et al. [XENON100 Collaboration], arXiv:1005.0380 [astro-ph.CO].
[14] K. Abe [XMASS Collaboration], J. Phys. Conf. Ser. 120 (2008) 042022.
LCWS/ILC2010
[15] P. L. Brink et al. [CDMS-II Collaboration], In the Proceedings of 22nd Texas Symposium
on Relativistic Astrophysics at Stanford University, Stanford, California, 13-17 Dec
2004, pp 2529 [arXiv:astro-ph/0503583].
[16] E. Aprile, L. Baudis and f. t. X. Collaboration, arXiv:0902.4253 [astro-ph.IM].
[17] http://www-jlc.kek.jp/subg/physics/ilcphys/.
LCWS/ILC2010
